This study examined the optical and electronic properties of post-annealed Al-doped ZnO ͑ZnO:Al͒ thin films. The lowest resistivity was observed after annealing a sputter-deposited ZnO:Al film at 350°C. X-ray photoelectron spectroscopy revealed a ϳ0.4 eV shift in the Fermi level when the carrier concentration was increased to 1.6ϫ 10 20 cm −3 by Al doping and annealing. The optical band gap increased from 3.2 eV for insulating ZnO to 3.4 eV for conducting ZnO:Al, and was associated with conduction-band filling up to ϳ0.4 eV in a renormalized band gap. Schematic band diagrams are shown for the ZnO and ZnO:Al films. © 2010 American Institute of Physics. ͓doi:10.1063/1.3419859͔
Zinc oxide ͑ZnO͒ is one of the most promising oxide materials because of its potential applications, such as solar cells, thin-film gas sensors, photodetectors, light-emitting diodes, etc. In addition, it has an excellent chemical stability and specific electronic/optical properties of a wide band gap semiconductor. This material has many advantages over Sn-doped In 2 O 3 as a transparent conducting oxide ͑TCO͒, owing to its low cost, abundance, and high thermal stability. TCO thin films have been prepared by doping with group-III elements, such as aluminum, boron, gallium, and indium, and the optical and electronic properties are affected by both the crystallinity and doping.
1,2 Many deposition methods have been used to prepare doped-ZnO thin films, including sol-gel processes, pulsed laser deposition, sputtering, and molecular beam epitaxy. Among these, sputtering is a robust technique owing to its ability to produce reasonable quality films at a high deposition rate. [3] [4] [5] [6] [7] Despite the progresses in the growth of TCO thin films, it is important to better understand the relative contributions of conduction-band filling and optical-bandgap energy ͑by band gap renormalization͒ to allow further developments of the optimum conductivity and transmittance. [8] [9] [10] [11] [12] [13] [14] In this work, the Al-doped ZnO ͑ZnO:Al͒ films were deposited by magnetron sputtering followed by post annealing to examine the optical and electronic properties.
The ZnO and ZnO:Al thin films were deposited on thermally oxidized Si ͑001͒ or glass substrates by rf magnetron sputtering using ZnO and Al targets. Sputtering was performed in an Ar atmosphere with a flow rate of 20 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ with an operating pressure of 10 mTorr at room temperature. For the ZnO:Al films, rf power of 100 W and 10 W was applied to the ZnO and Al targets, respectively. A bare ZnO film was also deposited for comparison. The Al concentration in ZnO:Al, measured by inductively coupled plasma-atomic emission spectroscopy ͑ICP-AES͒ ͑Optima-4300 DV: Perkin-Elmer͒, was 3.3 at. % ͑Zn 0.967 Al 0.033 O͒, where the concentration dependence of the resistivity was not sensitive in this range. [3] [4] [5] [6] [7] The as-grown ZnO:Al films were then postannealed in a vacuum at various temperatures up to 500°C for 2 h. The phase, grain size, and texture of the films were examined by x-ray diffraction ͑XRD͒ ͑M18XHF-SRA: MAC Science͒, and the optical bandgap ͑E g op ͒ was determined from the ͑␣hv͒ 2 versus hv ͑photon energy͒ plot using the obtained absorption coefficient ␣ by UV/visible spectroscopy ͑Lambda 20, Perkin-Elmer͒. The resistivity was measured using a four-point probe, and the carrier concentration was determined from the Hall coefficient as measured by a Hall measurement system ͑HL5500PC, BIO-RAD͒. The carrier mobility was calculated from =1/ ne, where , n, e, and are the resistivity, carrier concentration, electron charge, and carrier mobility, respectively. The Fermi-level shift of the ZnO:Al films was observed by x-ray photoelectron spectroscopy ͑XPS͒ ͑Sigma Probe: Thermo VG Scientific͒.
The dependence of the electrical resistivity, carrier mobility, and carrier concentration of the films on the post-annealing temperature is shown in Fig. 1 . The asdeposited undoped ZnO film had a high resistivity of ϳ3.0ϫ 10 5 ⍀ cm. The resistivity decreased sharply to ϳ6.1ϫ 10 −2 ⍀ cm with the addition of Al. substitution of Al in the Zn lattice sites, and decreased the resistivity to a minimum value of 2.0ϫ 10 −3 ⍀ cm. 8, 10 Postannealing at higher temperatures resulted in an increase in resistivity, probably due to the structural relaxation of metastable ZnO:Al thin film. 11 Annealing at 350°C yielded the best results ͑the highest mobility͒, and this effect was found to be reproducible with different batches of sputter-deposited samples.
The XRD patterns of the ZnO and ZnO:Al films with an oxidized Si ͑001͒ substrate are shown in Fig. S1 While several hexagonal ͑hkl͒ peaks were identified, a strong ͑002͒ preferential orientation was observed indicating a preferential orientation along the c axis. Post-annealing increased the intensities of the ͑101͒, ͑102͒, and ͑103͒ peaks due to the weakened texture properties of the deposited films. Annealing at 350°C resulted in a decrease in the grain size along the ͓001͔ direction ͑calculated using the Scherrer formula͒, as shown in Fig. S2 ͑see Ref. 25͒. While other ͑hkl͒ diffraction peaks were not analyzed due to the weak intensity, the correlation between the grain size/crystallinity and carrier mobility also needs to be investigated. Post annealing of the ZnO:Al films resulted in the closest lattice constant c = 0.2603 nm of standard hexagonal ZnO, as shown in where x is the film thickness, and I and I 0 are the intensities of transmitted and incident light, respectively. When the absorbance was measured using a UV/visible spectrometer, glass substrates with and without ZnO:Al thin films were measured for correction. 15 For direct-bandgap semiconduc- 17 Hence, the valence electrons require extra energy to be excited by photons to higher energy states in the conduction band. Assuming the effective electron mass in ZnO:Al is the same as that in ZnO, the band filling of electrons in the conduction band by the Burstein-Moss effect can be calculated to be ϳ0.4 eV from the following equation:
where m e ‫ء‬ , E F , E CB , and n are the electron effective mass, Fermi level, conduction-band minimum, and carrier concentration, respectively. 18, 19 As the carrier concentration increases, a bandgap-narrowing effect ͑bandgap renormalization͒ also occurs due to the effect of many-body carrier-ion interactions. 18 The core level ͑Zn 2p 3/2 , Zn 2p 1/2 , and O 1s͒ and valence band ͑Zn 3d͒ of ZnO and ZnO:Al films are shown in Fig. 3 at various annealing temperatures. Each dashed line indicates the binding energy ͑with respect to the Fermi energy͒ from the standard ZnO sample. [20] [21] [22] The bindingenergy shift of the Zn 2p core level between the as-grown ZnO and 350°C-annealed ZnO:Al film was ϳ0.4 eV, as shown in Table SI ͑see Ref. 25͒. Related Fermi-energy shifts were also observed from the O 1s and Zn 3d levels, even though the Zn 3d level was affected by coupling with the O 2p level. 23 A schematic band diagram of the as-grown ZnO and 350°C-annealed ZnO:Al film is shown in Fig. 4 , by combining the results in Figs. 1-3 . The optical bandgap E g op of the as-grown ZnO is the energy difference between the conduction-band minimum and valence-band maximum. For the 350°C-annealed ZnO:Al film, as the carrier concentration was increased to 1.6ϫ 10 20 cm −3 , E g op became larger because the Burstein-Moss effect ͓Eq. ͑3͔͒ is more significant than bandgap renormalization. 24 21 The solid black arrow for 0.4 eV was obtained from Eq. ͑3͒. As shown in this schematic figure, the optical and electronic properties of the 350°C-annealed ZnO:Al film are consistent with the Fermi-level shift.
In conclusion, the optical and electronic properties were examined by the post annealing of sputter-deposited ZnO:Al films. As the carrier concentration was increased by proper annealing, the optical-bandgap energy was also increased from 3. 
